Magnetic-circular-dichroism (m.c.d.) spectra over the wavelength range 300-2000 nm at room temperature and at 4.2 K of horse heart cytochrome c are reported at a series of pH values between 7.8 and 11.0, encompassing the alkaline transition. The effect of glassing agents on the e.p.r. spectrum at various pH values is also reported. Comparison of these results with spectra obtained for the n-butylamine adduct of soybean leghaemoglobin support the hypothesis that lysine is the sixth ligand in the alkaline form of horse heart cytochrome c. The m.c.d. and e.p.r. spectra of horse heart cytochrome c in the presence of l-methylimidazole have also been examined. These studies strongly suggest that histidine-18, the proximal ligand of the haem, is the ionizing group that triggers the alkaline transition. Low-temperature m.c.d. and e.p.r. spectra are also reported for Pseudomonas aeruginosa cytochrome c.1. the haem in this species over the pH range 6.0-11.3.
INTRODUCTION
Cytochromes of the c type are low-Mr (80-130 amino acids) electron-transfer proteins that occur widely in respiratory and photosynthetic systems. They are relatively well characterized in terms of both molecular and electronic structures (Mathews, 1985) . Crystallographically determined structures are available for several of them (Adman, 1979) . They all contain a single protohaem covalently linked via two thioether bonds to the polypeptide chain. The low-spin haem is co-ordinated by two ligands provided by the protein, which at neutral pH are histidine and methionine in both the ferri and ferro states. It is assumed that the haem retains this co-ordination geometry throughout its redox cycle. However, it has been shown by numerous spectroscopic studies that in the ferri state the methionine-histidine co-ordination of the haem is not the only ligand arrangement possible. Variations in pH, ionic strength and temperature can bring about ligand exchange at the haem group (Greenwood & Wilson, 1971) . Several low-spin, as well as some high-spin, states are formed, especially at elevated pH values. Much experimental effort has been expended in attempting to prove the structures of these other states. In particular, a high-pH state of horse heart cytochrome c produced with a pKa of 9.3 has been intensively studied. This state, which retains its stable globular nature (as judged by viscosity measurements), was first identified by kinetic studies of its reduction with ascorbate, dithionite and ferrocyanide (GreenWood & Palmer, 1965; Brandt et al., 1966) . Two forms of cytochrome c at alkaline pH have been identified: the lower-pH form, type III, is ascorbatereducible; the other, type IV, is ascorbate-irreducible. The alkaline transition has also been observed with a number of spectroscopic techniques, including optical absorption (Theorell & Akesson, 1941a,b,c; Greenwood & Wilson, 1971) , and e.p.r. (Lambeth et al., 1973; Brautigan et al., 1977) , n.m.r. (Gupta & Koenig, 1971;  It is shown that no ligand exchange takes place at Wooten et al., 1981) and by resonance-Raman (r.R.) (Kitigawa et al., 1977) spectroscopies. All these techniques have yielded a pKa of 9.0-9.4 when fitted to a single-proton transition. However, kinetic studies have shown that the alkaline transition is not a simple one-proton ionization. Davis et al. (1974) proposed that the transition is due to a single ionization of ferricytochrome c at a pKa of 11 that is coupled to a conformational change. The slow conformational change displaces the pKa of 11 to produce an apparent pK of approx. 9.
Interest in the alkaline state has centred on the structure of the species formed and also on the nature of the group with an ionization at pKa of 11. Most of the studies of the structure of the alkaline form have reached the conclusion that this state has lost the methionine-80 haem ligand. Since this form is completely low-spin, it is presumed to be six-co-ordinate. Although histidine-18 is assumed to remain as the proximal ligand, the identity of the sixth ligand is controversial. The e-amino group of one of the nineteen lysine residues has been suggested, on the basis of spectroscopic results from e.p.r., n.m.r. and r.R. Chemical modifications of lysine designed to inhibit its ability to ligand the haem iron have been carried out by using acetylation, amidination, trifluoroacetylation and (trifluoro)phenylcarbonylation (Bosshard, 1981; Smith & Millett, 1980; Wilgus & Stellwagen, 1974) . However, the results from the chemical studies are rather contradictory. Wilgus & Stellwagen (1974) , for example, purport that lysine-79 is the haem ligand above pH 9, whereas Bosshard (1981) (Salerno, 1984) . There is therefore interest in having a different type of spectroscopic probe which can assist in axial-haem-ligand assignments and make the e.p.r. method more secure. Furthermore, since the e.p.r. spectrum can be detected only at cryogenic temperatures, the possible presence of thermal-spin equilibria or temperature-dependent ligand changes may be missed.
It has been pointed out by several authors that the energies of the porphyrin (f)-to-ferric (d) charge-transfer (CT) bands are sensitive to the ligand field created at the metal ion by the groups which surround it (Smith & Williams, 1970 and other groups of workers (Stephens et al., 1974; Rawlings et al., 1977) in order to construct empirical scales, and also to investigate the potential range of energies with a defined axial-ligand set.
In the present paper we report the room-temperature and 4.2 K m.c.d. of horse heart (hh) cytochrome c over the pH range of the alkaline transition. It has also been necessary to carry out a systematic e.p.r. study of the effect on the axial ligation of adding the glassing agents ethanediol and glycerol, which are required for the low-temperature m.c.d. experiments to enable goodoptical-quality samples to be obtained. We find that, in the case of hh cytochrome c, the glassing agent has a pronounced effect on the species observed at.a given pH value. The spectra have been recorded as a function of pH in order to observe the changes that occur at high pH when the axial ligand, methionine, is presumably lost.
We also report the characterization of the oxidized states of hh and Pseudomonas aeruginosa cytochrome c,,1, by a combined e.p.r. and m.c.d. study. The m.c.d. spectra are recorded throughout the Soret, visible, red and near-i.r. regions, over the wavelength range 300-2000 nm, to provide a set of data diagnostic of haem axial ligation of cytochromes c. These two proteins were selected for study because they are both crystallographically defined and they represent one example each of a mammalian and a bacterial class of proteins. The main structural difference between these proteins is a deletion of 15 residues in the bacterial protein.
EXPERIMENTAL PROCEDURES
Hh cytochrome c (type III) was obtained from Sigma and used without further purification. Pseudomonas aeruginosa cytochrome c551 was extracted and purified as described previously (Parr et al., 1976) . 1-Methylimidazole and 2H20 (99.8 atom % 2H) were obtained from Aldrich. Glycerol and ethanediol were of AnalaR grade and were purchased from BDH.
Derivatives of hh cytochrome c were prepared by adding the exogenous ligand until no further change was observed by absorption spectroscopy. E.p.r. spectra were recorded by using a Bruker ER 200D spectrometer fitted with an ESR-9 flow cryostat (Oxford Instruments). M.c.d. spectra at low temperature were measured either with a JASCO J-500D dichrograph fitted with an SM 4 superconducting solenoid operating at 5 T (Oxford Instruments) or in a near-i.r. dichrograph constructed in this laboratory. Room-temperature m.c.d. was measured as described above, except that the magnet used was capable of generating a field of 6 T.
Samples for near-i.r. m.c.d. measurement were prepared in 2H20 and the p2H values quoted are the meter readings corrected for the small isotope effect by addition of 0.4 pH unit.
RESULTS AND LIGAND ASSIGNMENTS hh cytochrome c pH titration at room temperature. The room-temperature m.c.d. of hh cytochrome c, measured at 6 T in the near-i.r. region (800-2000 nm), is shown in Fig. 1 . The spectra presented cover the p2H range 7.8-11.0. At low p2H the spectrum consists of a single peak at 1725 nm and a shoulder at -1550 nm with Ae values of 0.8 and 0.51 M-1 cm-l T-', in close agreement with previous reports (Rawlings et al., 1977) . As the p2H is raised through the alkaline pKa the intensity of the peak at 1725 nm decreases, with a concomitant increase of intensity at 1465 nm. At p2H 11.0 this transition is virtually complete, producing a single low-spin ferric haem with a peak at 1465 nm and a shoulder at 1280 nm, with Ac values of 1.28 and 0.56 M-1 cm-1T-1 respectively. The p2H-dependence of the 695 nm absorption intensity and the intensity of the 1725 nm and 1465 nm Figs. 3(a), 3(b) and 3(c) show the e.p.r. spectra of hh cytochrome c at three different p2H values, namely 6.6 (50 mM-sodium phosphate), 10.8 (100 mM-sodium tetraborate) and 11.0 (50 mM-Caps). Only at p2H 6.6 is a single low-spin ferric species observed, with the g-values 3.05, 2.25 and 1.26 in reasonable agreement with values of 3.06, 2.24 and 1.24 previously reported by Salmeen & Palmer (1968) . At the two higher p2H values, multiple species are observed that are clearly different from the neutral-pH form characterized by a g, value of 3.05. At p2H 10.8 in tetraborate buffer (Fig. 3b) , a complex spectrum is obtained showing a major species with gz = 3.42, a shoulder at g. = 3.17 and a weak shoulder at g, = 3.6. This spectrum is identical with that reported by Lambeth et al. (1973) . The peak at g = 3.42 is presumably the alkaline species, but that with In the visible region of the m.c.d. spectrum (Fig. 4a ) there are a series of positive and negative peaks which are typical of a six-co-ordinate low-spin ferric haem at this temperature (Eglinton et al., 1983) . At p2H 6.6 there is a positive m.c.d. peak at 695 nm that is the counterpart of the band in the absorption spectrum at the same wavelength. At higher p2H values minor changes occur in the visible-region m.c.d. that are not very useful diagnostically. However, the disappearance of the 695 nm band at p2H 11.0 (Fig. 4a , spectra iii) and its presence at p2H 10.8 at a level of -25% of the intensity at p2H 6.6 (Fig. 4a , spectra i and ii) agree well with the e.p.r. spectra presented in Fig. 3 , on the assumption that only the native methionine-histidine form of hh cytochrome c has a 695 nm band and is also characterized by a g, value of 3.05.
The near-i.r. m.c.d. (Fig. 4b) species with a g, of 3.07 in Fig. 3(b) (ii). The second species
shows a peak at 1480 nm and must correspond to the e.p.r. resonance at g, = 3.50. In Caps buffer at p2H 11.0 in the presence of 5000 ethanediol the e.p.r. spectrum exhibits two g, resonances at 3.50 and 3.33, the former being the more intense.
The near-i.r. m.c.d. (Fig. 4b) , however, shows only one peak at 1480 nm, with a shoulder at 1200 nm, suggesting the presence of a single type of axial ligation at the haem in this sample.
The species with an m.c. shorter wavelengths and is lying below the m.c.d. intensity between 800 and 1400 nm. We have no reason to choose between these two possibilities.
1-Methylimidazole complex of hh cytochrome c. In order to investigate the possibility that the pKa of 11 in ferricytochrome c observed in kinetic studies by Davis et al. (1974) and linked to a conformational change may be due to the ionization of the N-I of the proximal histidine ligand of the haem iron, a pH titration of the l-methylimidazole adduct of cytochrome c between pH 10 and 12 has been carried out by e.p.r. spectroscopy. 1 -Methylimidazole was chosen because it is a ligand that will maintain the haem in the low-spin ferric state and because it is neutral and hence unlikely to shift the pKa of the histidine group very significantly. The methyl group blocks the N-I position of the imidazole and avoids the possibility ofconfusion between the ionization of the N-I of the added imidazole and the histidine ligand. The results are presented in Fig. 5 . The e.p.r. spectrum is pH-independent between 7 and 10, exhibiting a rhombic spectrum with g-values of 2.94, 2.29 and 1.52. Above pH 10 there is a gradual change to a less anisotropic spectrum, exhibiting g-values of 2.77, 2.27 and 1.71. The pKa of this transition is approx. 11.6. A decrease in rhombicity of the e.p.r. spectrum of a bisimidazole-ligated haem with increase in pH has been reported in a number of cases and is interpreted as a deprotonation of an axial imidazole ligand (Quinn et al., 1982) . Thus the pH-dependent changes in the e.p.r. of the 1 -methylimidazole adduct of cytochrome c must be due to deprotonation of the proximal histidine residue, since 1-methylimidazole does not possess an N-I proton. The possibility that the e.p.r. spectrum at pH 12 arises from state V of cytochrome c can be excluded, because this form exhibits g-values of 2.89, 2.23 and 1.67 and also appears at a slightly higher pH value. These results suggest that the proximal histidine residue has a pKa of 11.6. We therefore propose that this is the same ionization observed in native cytochrome c with an apparent pKa of 11 (Davis et al., 1974) . The elevation in the pKa from 11 to 11.6 can be ascribed to the change in the distal ligand from methionine to 1-methylimidazole.
Pseudomonas aeruginosa ferricytochrome c551
In view of the solvent-dependence of the hh cytochrome c spectra, a similar study of the solventdependency of the spectra of Ps. aeruginosa C551 was performed. The e.p.r. spectrum of Ps. aeruginosa c55 in 50 mM-Mes, p2H 5.4, is shown in Fig. 6 . This shows two of the g-values at gz = 3.20 and gy = 2.05; gx is not observed. Also observed in the e.p.r. spectrum is a slightly rhombic high-spin ferric peak at g = 6 and a sharp derivative peak at g = 2.05, arising from contamination with the copper protein azurin. Both of these are present to the extent of only a few per cent. The addition of either ethanediol or glycerol at this p2H had no effect on the e.p.r. spectrum (results not shown). The form of the e.p.r. spectrum is also unchanged at p2H 7.7. Hence the presence of glassing agent has no effect on the protein structure detectable by e.p.r. spectroscopy over this p2H range.
At p2H 10.8 in 50 mM-Caps buffer the e.p.r. spectrum changes slightly (Fig. 6) Moore et al. (1985) Gadsby & Thomson (1982) from 5. (Moore et al., 1980) . The PKa has been assigned to the ionization of one of the haem propionic acid groups. Although the m.c.d. results cannot confirm this assignment, they do show the absence of a change in axial ligation through this pKa.
The lack of a pH-dependent change in the axial ligation at a pH similar to that observed in hh cytochrome c may reflect the replacement of lysine-72 and lysine-79 by serine and proline respectively (Mathews, 1985) . However, preliminary optical studies, in agreement with r.R. studies (Kitagawa et al., 1977) , suggest a change of axial ligation at about pH 11.5. This PKa may well be attributable to the deprotonation of the same residue as that observed in hh cytochrome c at pH 11.1 (Davis et al., 1974) . This would support the conclusion that lysine-79 is not the ionizing group in either protein.
It has previously been suggested that cytochromes c fell into two groups exhibiting g&-values of the order of 3.06 (Class I) or 3.20 (Class II) (Brautigan et al., 1977) . In this scheme, Class II is believed to have the histidine ligand in the deprotonated-form, or to possess enhanced hydrogen bonding. According to this classification, Ps.
aeruginosa c..1 should be placed in Class II. The m.c.d.
results presented here disagree with this assignment, as it has been shown that the near-i.r. band typical of histidine-methionine ligation is blue-shifted by 1100 cm-' compared with the protonated form and would therefore exhibit a band at 1550 nm (Moore et al., 1985) . In addition, the e.p.r. spectrum of the deprotonated form is less rhombic than that of the protonated form, the opposite of that suggested by Brautigan et al. (1977) . It seems that a single type of axial ligation, namely histidine-methionine, can show g, values ranging from 3.05 for hh cytochrome c to 3.50 reported for yeast cytochrome c1 (Siedow et al., 1978) . This may reflect subtle changes in ligand orientation or metal-to-ligand bond distance rather than changes in ligation or in the state of ligand protonation.
DISCUSSION
By using m.c.d. spectroscopy over the wide wavelength range 300-2000 nm we have characterized the ligand state of hh cytochrome c and cytochrome c551 (Ps. aeruginosa) as a function of pH between 7.0 and 11.0. In order to identify the ligation forms it has been necessary to construct a scale that identifies the wavelength position of the near-i.r. CT band with the axial ligands in model proteins of known structure. This scale has been built up, in the main, as a result of work carried out in this laboratory. Table 1 collects together the data from the present and from previous studies. In view of many earlier proposals that the state of ligation of the low-spin alkaline form of hh cytochrome c is lysine-histidine, the m.c.d. characteristics of this ligation state were required for this study. No protein is known yet with certainty to have this co-ordination geometry. Therefore this state has been modelled with an amine adduct of a histidine-co-ordinated haem. A report of the near-i.r. m.c.d. of the lysine derivatives of methaemoglobin (Rawlings et al., 1977) suggests that this species exhibits a peak at 1580 nm. However, in the present work we have been unable to produce this complex, either with haemoglobin or with myoglobin. We have been able to produce a satisfactory model of this co-ordination type with the n-butylamine adduct ofsoybean leghaemoglobin (Lb) (P. M. A. Gadsby, J. Peterson, G. Sievers and A. J. Thomson, unpublished work) . Lb isolated from soybean is similar in structure to myoglobin, but possesses a larger haem crevice on the distal side which can readily bind more bulky ligands, especially those in the anionic form, such as nicotinate and long-chain carboxylates (Wittenberg et al., 1974) . The addition of n-butylamine to soybean Lb at p2H 10.4 produces an optical spectrum typical of the formation of a low-spin ferric haem. The e.p.r. and near-i.r. m.c.d. data are quoted in Table 1 . The model for co-ordination by two lysine side chains is provided by the bis-n-butylamine adduct of Fe(III)-octaethylporphine (Gadsby & Thomson, 1986) (Table 1) . Also included in the summary Table  (Table 1) are the e.p.r. g-values, since the work of Brautigan et al. (1977) has been widely used to assign axial ligand states of cytochrome c derivatives. The use of only one technique, either e.p.r. or near-i.r. m.c.d., to make an axial ligand assignment of a low-spin ferric haemoprotein is insecure, since for a given set of ligands the spectral parameters can vary widely. However, the use of two techniques together considerably diminishes the ambiguity. The results can be applied to the problem of the nature of the alkaline transition in hh cytochrome c to obtain an unambiguous answer.
The presence of a band at 1800 nm and one at 695 nm that is more distinctive in the low-temperature m.c.d. spectrum than in the absorption spectrum are unequivocal evidence for the presence of methioninehistidine co-ordination. These features are shown in this work for hh cytochrome c and for cytochrome c551. They have also been earlier demonstrated in the case of cytochrome b5,2 (Escherichia coli) (Moore et al., 1985) and in the dihaem cytochrome c peroxidase from Ps. aeruginosa (Foote et al., 1984) . The alkaline transition with an overall pK8 of 9.3 in hh cytochrome c leads to a lysine-histidine co-ordinated haem. This is established clearly and unambiguously by the striking similarity of the m.c.d. spectra, at 4.2 K, of the n-butylamine adduct of Lb and of hh cytochrome c at p2H 11.0 (Fig. 8) .
Although we assign the near-i.r. m.c.d. band at 1480 nm at 4.2 K to histidine-lysine ligation, consideration must be given to two altemative possibilities suggested by the data in Table 1 . The first is bishistidine ligation, which gives rise to a peak in the range 1500-1600 nm. However, the only residue available is histidine-26, ligation of which would require an extensive conformation change. Also the e.p.r. g-values are inconsistent with a normal bishistidine-type ligation; the value of gz, for instance, is usually in the range 3.0-2.9. Ligation of histidine-33 is also excluded, as this residue is not invariant (Mathews, 1985) . A second possible type of axial ligation is methionine-histidinate, brought about by deprotonation of histidine-18, the proximal histidine residue. This would be expected to possess a near-i.r. m.c.d. band at approx. 1470 nm (Gadsby & Thomson, 1982) . However, this type of ligation has been observed for cytochrome b5.2 from E. coli at alkaline pH, and, significantly, retains a '695 nm' band detectable by m.c.d. (Moore et al., 1985) , although the absorption band due to this transition disappears (Myer & Bullock, 1978) by shifting under the a-band. This band is blue-shifted along with the near-i.r. band. These shifts are paralleled by a decrease in the anisotropy of the e.p.r. spectrum. Neither of the above phenomena are observed for hh cytochrome c. Thus we can exclude this type of ligation.
Evidence for a lysine e-amino group as the strong-field ligand is then spectroscopic, being based upon the conclusions of the present work and the e.p.r. spectra of Brautigan et al. (1977) . However, a wide range of chemical-modification studies (in which the coordinating ability of the amino group of various lysine residues has been blocked) have been made in an attempt to show that the side chain of lysine is not the ligand of haem above the alkaline isomerization. The most direct approach in this latter category was made by Bosshard (1981) acetylation and amidination. The relative rates of acetylation measured between pH 7 and 11 were compared with those of the peptide fragment 66-80 cut out of the native molecule. There was no significant difference between these rates over this pH range for lysine residues 72, 73 and 79. Hence, it is claimed, these results rule out the possibility of the e-amino group of any of these three lysine residues being the alkaline strong-field ligand. Bosshard (1981) further suggests it is extremely unlikely that any of the remaining 16 lysine residues might compete with methionine-80 as the axial haem ligand unless there is a very large conformational change which, he considers, is extremely unlikely at pH 9.0 in a molecule of the noted conformational stability of cytochrome c. He therefore firmly rules out any lysine residue as the axial ligand. The spectroscopic evidence presented here appears to be conclusively in favour of lysine as the strong-field ligand above pH 9.0. In view of the strong evidence of Bosshard (1981) Bosshard (1981) suggests that large conformational rearrangement is unlikely to occur around pH 9, we note that the loss of methionine-80, triggered by the deprotonation of the N-I of histidine-18, could well lead to considerable movement of the protein backbone on the distal side of the haem plane. Therefore there seems to be no reason to exclude lysine-13, -86 or -87 as potential haem ligands. None of them is excluded by Bosshard's (1981) study. These residues are invariant in all the cytochromes c known to undergo the alkaline transition. Therefore we conclude that the weight of spectroscopic evidence favours lysine as the ligand of haem above pH 9. But we are unable to identify which of several lysine residues is the culprit.
Contrasting with these results on hh cytochrome c the e.p.r. and m.c.d. spectra of oxidized Ps aeruginosa cytochrome c,,1 are independent on pH over the range 5.4-10.8. The position of the near-i.r. CT band at 1800 nm identifies the axial ligation as histidinemethionine, in agreement with the crystal structure (Matsoora et al., 1982) and n.m.r. studies (Keller & Wuithrich, 1978) . The pH-invariance of the spectra shows the absence of ligand exchange at the haem, although the midpoint potential is pH-dependent.
Turning to consideration of the mechanism of the alkaline ligand-exchange reaction in hh cytochrome c, it has been shown that the process is complex, not a simple displacement of the methionine axial ligand by lysine (Davis et al., 1974) . Instead a group ionizing with a pK of 11 appears to trigger the process. The nature of this ionizing group has also been the subject of much debate, and various studies have led to a number of different suggestions as to its identity. These include lysine-79, tyrosine, histidine-18 and buried water. Spectrophotometric titrations of the phenolic groups of native and fully trifluoroacetylated cytochrome c appear to exclude tyrosine (Stellwagen et al., 1975) . We propose here that it is the ionization of the N-I proton of the proximal histidine ligand. This is based on the e.p.r. titration of the 1-methylimidazole adduct of hh cytochrome c. It is clear, however, that the proximal histidine is not deprotonated in the alkaline state of cytochrome c. Thus the deprotonation appears to act as a trigger for the alkaline isomerization. The deprotonation of the proximal histidine residues would produce a pronounced trans effect, weakening the iron-methionine bond. This then would lead to the replacement of methionine by lysine, which itself must deprotonate before replacing methionine. The histidine-lysine ligation of the equilibrium alkaline form implies, therefore, that the histidine reprotonates upon lysine ligation in the distal position. These proposals are summarized in Scheme 1. The transient high-spin form has been observed by both kinetic difference spectra (Saigo, 1981) and by the time-resolved r.R. spectroscopy (Uno et al., 1984) . This form is assigned as high-spin because of the presence of a 600 nm absorption band typical ofhigh-spin haem. The transient species observed by r.R. is also reported to be similar to the alkaline form of the totally guanidinated cytochrome c, in which ligation by lysine is prevented. Ferricytochrome c that is totally guanidinated or totally trifluoroacetylated is high-spin at alkaline pH and exhibits pKa values of 8.8 and 9.9 respectively (Stellwagen et al., 1975) , suggesting that lysine is not the ionizing group involved in this pKA. Fully aminated and fully maleylated cytochrome c exhibit transitions to low-spin forms without 695 nm bands, which may correspond to the low-spin transient form in Scheme 1 (Pettigrew et al., 1976) . This species is the same as the high-pH form of E.
coli cytochrome b562 and exhibits visible absorption maxima which are slightly red-shifted, as expected from the results obtained with cytochrome b562. A transient low-spin form has also been observed by a rapid-scanning stopped-flow method. This exhibits red-shifted absorption bands and a band in the 695 nm region, although of diminished intensity (Kihara et al., 1976) . This suggests that the transient low-spin form retains the methionine ligation, as shown in Scheme 1. Deprotonation of a residue close to the haem has been implicated in the autoreduction of two cytochromes in the facultative methylotroph Pseudomonas AM1 at high pH (O'Keeffe & Anthony, 1980) . Thus the deprotonation of the proximal histidine residue could be the event leading to the autoreduction of hh cytochrome c that is often observed as the pH is raised through the alkaline transition. In contrast with ferricytochrome c, the axial ligation of ferrocytochrome c remains as histidinemethionine in the pH range 4-12 (Margoliash & Schejter, 1966) . Thus the deprotonation of the proximal histidine residue must be at a higher pH in ferrocytochrome c. This is expected because of the increased electron density at the iron in the ferro form.
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